Abstract: This work introduces a new method to calculate the water velocity components of a turbulent water column in the x, y, and z directions using Autonomous Underwater Vehicle (AUV) motion response (referred to as the 'WVAM method'). The water column velocities were determined by calculating the difference between the motion responses of the vehicle in calm and turbulent water environments. The velocity components obtained using the WVAM method showed good agreement with measurements from an acoustic Doppler current profiler (ADCP) mounted to the AUV. The standard deviation between the two datasets were below 0.09 m s −1 for the velocity components in the x, y, and z directions, and were within the uncertainty margin of the ADCP measurements. With the WVAM method, it is possible to estimate the velocity components within close proximity to the AUV. This region encompasses the vehicle boundary layer and the ADCP blanking distance, which is not typically resolved. Estimating vertical and horizontal velocities around the boundary layer of the AUV is important for vehicle navigation and control system optimization, and to fill the blanking distance gap within a water column velocity profile, which is important for flow field characterization. The results show that it is possible to estimate the flow field in the vicinity of AUVs and other self-propelled vehicles.
Introduction
Measuring water column velocities is an essential component of physical oceanographic surveys but is also important for many applications, such as determining sediment transport [1] and assessing the turbulent flux in the surface mixed layer [2] . Conventionally, broadband acoustic Doppler current profilers (ADCPs) are used to measure water column velocity profiles using the Doppler frequency shift of a sound wave transmitted by the device resulting from particles in the water column moving with the fluid [3] . Stationary ADCPs can be used to determine flow profiles at a fixed location. The spatial and temporal distributions of velocity fields can be potentially determined with an array of such devices; however, the associated costs may restrict the number of sensors, limiting the spatial resolution of the measured velocity profiles. AUVs are preprogramed to follow a pre-set mission route with a given surge speed. When an AUV is operating in an environment with highly-fluctuating water velocities (e.g., in a turbulent water column), the forces induced by these velocities can interrupt the control stability and change the vehicle speed, depth, pitch, and yaw angles (i.e., motion response of the AUV) from the pre-set values. In order to compensate for such changes in performance, the vehicle's dynamic control system adjusts the revolution speed of the propeller and the angles of the four control surfaces located at the stern of the propulsion module. According to these adjustments, the motion response of the AUV will change and the AUV will target the initially-prescribed mission track [11] unless the propeller and the control surfaces are unable to cope with the external forces.
The ADCP module of the AUV included two 1200 kHz Teledyne RD Instruments ADCPs/DVLs arranged in upward-and downward-looking configurations. While the upward-looking transducers were configured so that the instrument only collected water column velocity data relative to the AUV, the downward-looking set had a dual purpose: (i) water column data collection (i.e., ADCP mode), and (ii) estimation of the velocity of the vehicle relative to the ground as an input into the navigation solution of the vehicle (i.e., DVL mode). At every sampling time-step, the instrument's mode of operation switched between the ADCP and DVL. The ADCPs were programmed to profile approximately 10 m of water column in 0.5 m range bins so that the three directional water velocity components relative to the AUV in the body-fixed coordinate system are measured in each bin. During post processing, water velocity components relative to the AUV were converted to the Earthrelative velocities by using the vehicle's Earth-referenced velocity measurements from the DVL-aided INS. However, the water velocity measurements remained in the body-fixed coordinate system.
In front of the ADCP transducers (both above and below) there was a blanking distance of 0.44 m (shown in Figure 1 ). This blanking distance (i.e., a vertical extent away from the vehicle where no velocity measurements are made) exists as transducers are required to recover electronically from the transmit pulse and to prepare to receive the return signal [3] . An ADCP requires only three AUVs are preprogramed to follow a pre-set mission route with a given surge speed. When an AUV is operating in an environment with highly-fluctuating water velocities (e.g., in a turbulent water column), the forces induced by these velocities can interrupt the control stability and change the vehicle speed, depth, pitch, and yaw angles (i.e., motion response of the AUV) from the pre-set values. In order to compensate for such changes in performance, the vehicle's dynamic control system adjusts the revolution speed of the propeller and the angles of the four control surfaces located at the stern of the propulsion module. According to these adjustments, the motion response of the AUV will change and the AUV will target the initially-prescribed mission track [11] unless the propeller and the control surfaces are unable to cope with the external forces.
The ADCP module of the AUV included two 1200 kHz Teledyne RD Instruments ADCPs/DVLs arranged in upward-and downward-looking configurations. While the upward-looking transducers were configured so that the instrument only collected water column velocity data relative to the AUV, the downward-looking set had a dual purpose: (i) water column data collection (i.e., ADCP mode), and (ii) estimation of the velocity of the vehicle relative to the ground as an input into the navigation solution of the vehicle (i.e., DVL mode). At every sampling time-step, the instrument's mode of operation switched between the ADCP and DVL. The ADCPs were programmed to profile approximately 10 m of water column in 0.5 m range bins so that the three directional water velocity components relative to the AUV in the body-fixed coordinate system are measured in each bin. During post processing, water velocity components relative to the AUV were converted to the Earth-relative velocities by using the vehicle's Earth-referenced velocity measurements from the DVL-aided INS. However, the water velocity measurements remained in the body-fixed coordinate system.
In front of the ADCP transducers (both above and below) there was a blanking distance of 0.44 m (shown in Figure 1 ). This blanking distance (i.e., a vertical extent away from the vehicle where no velocity measurements are made) exists as transducers are required to recover electronically from the transmit pulse and to prepare to receive the return signal [3] . An ADCP requires only three transducer beams to acquire the three dimensional water velocity components. The fourth redundant transducer evaluates the quality of the velocity measurements by comparing two estimations of the vertical water velocity. The difference between the two is called the error velocity [12] .
Site Description
The objective of this study was to derive the WVAM method that calculates the velocity components of a water column by comparing the motion response of the vehicle when operating within a turbulent environment and a simulated calm water environment. The determined velocities are validated with the velocity measurements from the on-board ADCP. Field tests were carried out at two locations in Tasmania, Australia-in Lake Trevallyn (a low energy system with average flows at <0.05 m s −1 ) to develop the calm water based simulation model and in the Tamar estuary (a high energy system with peak flows at 2 m s −1 ) to test the WVAM method (Figure 2a) . transducer beams to acquire the three dimensional water velocity components. The fourth redundant transducer evaluates the quality of the velocity measurements by comparing two estimations of the vertical water velocity. The difference between the two is called the error velocity [12] .
The objective of this study was to derive the WVAM method that calculates the velocity components of a water column by comparing the motion response of the vehicle when operating within a turbulent environment and a simulated calm water environment. The determined velocities are validated with the velocity measurements from the on-board ADCP. Field tests were carried out at two locations in Tasmania, Australia-in Lake Trevallyn (a low energy system with average flows at <0.05 m s −1 ) to develop the calm water based simulation model and in the Tamar estuary (a high energy system with peak flows at 2 m s −1 ) to test the WVAM method (Figure 2a) . The main field study was conducted in the Tamar estuary near the Batman Bridge (Figure 2b ) on 14 June 2014. The width of the estuary narrows down to less than 300 m near the Batman Bridge, which causes highly turbulent flow conditions along the main channel axis, as shown in Figure 2b . In addition, varying bathymetry of the estuary (i.e., the 35 m depth at the north-west end of the test location reduces to 15 m near the bridge and increases again to 30 m at the opposite end) induces further constraints to the tidal flow. As a result of the narrowing and flow construction, this section of the estuary usually exhibits strong tidal currents (with maximum flow of >2 m s −1 ) and water level fluctuations of around 3 m [13] . Three straight-line AUV runs were conducted along, and against, the tidal flow direction (see Figure 2b) , maintaining a constant altitude of 10 m above the bottom, and a propeller speed of 700 revolutions per min (RPM). These missions were used to determine the water column velocities using the WVAM method.
A series of manoeuvres was conducted in Lake Trevallyn, Tasmania (Figure 2c ) between 30 October and 14 November 2013 to derive the hydrodynamic coefficients of the AUV using a system identification approach. The manoeuvres included straight-line runs conducted for five different propeller speeds (i.e., 525 RPM, 600 RPM, 675 RPM, 750 RPM, and 825 RPM) and a zig-zag manoeuvre in yaw and pitch planes by changing the coordinate waypoints and operating depths concurrently. The manoeuvres were designed to stimulate the vehicle dynamics in vertical as well as horizontal planes, which is critical for accurate estimation of simulation model parameters. The water depth of the test site was greater than 6 m and surface wave heights were below 50 mm. The AUV missions were carried out between 2 and 4 m below the free surface to minimize the surface wave formation and the interaction effects with the lake bottom [14, 15] . During the manoeuvres, the vehicle's ADCP recorded minor variations of the water column velocities with averaged values in the surge, sway, The main field study was conducted in the Tamar estuary near the Batman Bridge (Figure 2b ) on 14 June 2014. The width of the estuary narrows down to less than 300 m near the Batman Bridge, which causes highly turbulent flow conditions along the main channel axis, as shown in Figure 2b . In addition, varying bathymetry of the estuary (i.e., the 35 m depth at the north-west end of the test location reduces to 15 m near the bridge and increases again to 30 m at the opposite end) induces further constraints to the tidal flow. As a result of the narrowing and flow construction, this section of the estuary usually exhibits strong tidal currents (with maximum flow of >2 m s −1 ) and water level fluctuations of around 3 m [13] . Three straight-line AUV runs were conducted along, and against, the tidal flow direction (see Figure 2b) , maintaining a constant altitude of 10 m above the bottom, and a propeller speed of 700 revolutions per min (RPM). These missions were used to determine the water column velocities using the WVAM method.
A series of manoeuvres was conducted in Lake Trevallyn, Tasmania (Figure 2c ) between 30 October and 14 November 2013 to derive the hydrodynamic coefficients of the AUV using a system identification approach. The manoeuvres included straight-line runs conducted for five different propeller speeds (i.e., 525 RPM, 600 RPM, 675 RPM, 750 RPM, and 825 RPM) and a zig-zag manoeuvre in yaw and pitch planes by changing the coordinate waypoints and operating depths concurrently. The manoeuvres were designed to stimulate the vehicle dynamics in vertical as well as horizontal planes, which is critical for accurate estimation of simulation model parameters. The water depth of the test site was greater than 6 m and surface wave heights were below 50 mm. The AUV missions were carried out between 2 and 4 m below the free surface to minimize the surface wave formation and the interaction effects with the lake bottom [14, 15] . During the manoeuvres, the vehicle's ADCP recorded minor variations of the water column velocities with averaged values in the surge, sway, and heave directions of less than 0.05 m s −1 . These minor water velocities indicate a calm water environment. The AUV missions were conducted along the dotted line shown in Figure 2c. 
WVAM Method
The WVAM method ( Figure 3 ) starts with the AUV undergoing a straight-line, constant altitude mission through a region where the water column velocities are to be measured (i.e., in the turbulent water column). The vehicle's control system provides necessary commands to the propulsion motor and control surfaces (i.e., the propeller RPM commands and the control surface angle commands) to overcome the disturbances from the turbulent flow and to continue the prescribed straight-line path while maintaining a constant altitude set point. These control commands, recorded in the vehicle log, are then executed with the simulation model that represents a calm water environment. Since there are no currents and flow disturbances in the simulated calm water condition, the vehicle velocities from the simulation model will be different to the actual velocities measured from the DVL aided INS of the AUV. The difference between the two motion responses provides a measurement of the water column velocities relative to the ground. Equation (1) gives water velocity calculation in the general form. The requirement of the calm water manoeuvres is for initial development of the simulation model, which is applicable for a given vehicle configuration.
where, ν water is the linear velocity vector of the surrounding water column (along the x, y, and z directions) relative to the earth in the body-fixed coordinate system (see 
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The AUV is required to be assumed as a particle if infinitely small water column velocity fluctuations are measured using Equation (1) . However, an AUV is not sufficiently small in size to be assumed as a particle; therefore, due to the length of the vehicle, the water column velocity measurements derived from Equation (1) is restricted in terms of the length scale resolution. The minimum measurable velocity variation length scale is also limited by the sensor sampling frequency. This is further discussed in the Discussion section. 
AUV Simulation Model
The motion simulation model of the Gavia AUV was developed to reproduce the vehicle's linear velocities in a calm water environment in response to the time series of the control commands. This included the propeller RPM command which was a direct input into the simulator. In order to simplify and reduce the associated uncertainties, the time series of pitch angle (θ), pitch rate (q), pitch acceleration ( q ), yaw rate (r), and yaw acceleration ( r ) values recorded during the physical runs (i.e., measured by the gyroscopic sensors within the INS) were given as inputs to the simulator instead of providing the associated control surface angle commands. This simplification avoided the requirement of determining the control surface forces and moments, and using them to derive the rolling, pitching and yawing motions as the actual vehicle attributes were provided as inputs to the simulator. Therefore, the mathematical model was able to be limited to 3-DOF (i.e., linear motions along the x, y, and z directions), thereby eliminating the requirement to model the angular motions of the vehicle.
The simulation model was developed using MATLAB Simulink software (developed by Mathworks, MA, USA) by modelling the rigid body dynamics and hydrodynamics of the vehicle in accordance with Fossen [16] for AUV dynamics and Prestero [17] for the simulation model. The 6-DOF motion of an underwater vehicle can be described using the equations of motion given in Equation (2) , in the vectorial form [16] . The mathematical formulae presented in this paper are based on the Society of Naval Architects and Marine Engineers (SNAME) [18] notation with the associated coordinate system given in Table 1 and Figure 4 . The Earth-fixed frame of reference was used as the inertial reference. The origin of the body-fixed reference frame was at the centre of buoyancy of the vehicle, which is located at the ADCP module as shown in Figure 4 .
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where, M is the system inertia matrix, C ν is the Coriolis-centripetal matrix, D ν is the damping matrix, g η is the vector of the gravitational/buoyancy forces and moments, τ control is the vector of propulsion, control surface forces, and moments, ν is the velocity vector (i.e., [u, v, w, p, q, r] where p, q, and r are the angular velocities around the x, y, and z axes), and η is the vector of position/Euler angles (i.e., [x, y, z, φ, θ, ψ] where φ, θ and ψ are the roll, pitch, and yaw angles respectively). M and C ν are further expanded in Equations (3) and (4), where, M RB and C RB ν are the rigid body force components of M and C ν matrices, while M A and C A ν are their added mass components. 
The 6-DOF force and moment matrices that appear in Equation (2) are given in Fossen [16] in their full form. In this study, Equation ( 2) has been reduced to 3 DOF (i.e., to equations of motion in x, y and z directions) and simplified assuming the products of inertia (i.e., I xy , I xz and I yz ) are zero since they are negligibly small compared to the moments of inertia (i.e., I xx , I yy , and I zz ) of the vehicle [17] . Equations (5)- (7) represent the expanded forms of Equation (2) in the respective directions of x, y, and z. The left-hand sides of the equations demonstrate the rigid body dynamics and added mass terms while the right-hand sides show the hydrostatic, hydrodynamic damping, and control forces [17] . The hydrodynamic coefficients are non-dimensionalised according to prime-system I notation [19] using 2.7 m as the vehicle length (L), 1000 kg m −3 as the fresh water density, and 2 m s −1 as the prescribed forward speed (U) . The notation of the hydrodynamic coefficients presented in the equations below follow SNAME [18] . For example, X u|u| is the partial derivative of the surge force (X) with respect to the square of the surge speed (u|u|); i.e., X u|u| = ∂X/∂(u|u|). X u|u| represents the non-dimensionalised coefficient. 
where RPM is the vehicle's propeller revolutions per minute and X n is the thrust coefficient, which is 95 × 10 −6 for the Gavia AUV according to the estimation by Thorgilsson [20] .
Equations (5)- (7) were rearranged and parameterised to the forms given in Equations (8)- (10) in order to calculate the instantaneous linear accelerations of the AUV in x, y, and z directions, where α β , and γ are unknown parameters to be identified using system identification. The physical properties of the AUV, such as the mass, positive buoyancy force, and distances to the vehicle centre of gravity, were superimposed within the parameters, eliminating the requirement to measure them.
.
As shown in the simulation model flowchart given in Figure 5 , the instantaneous linear acceleration components of the current time-step is solved using the recorded input parameters (i.e., propeller RPM, θ, q, r, . q, and . r) corresponding to the current time-step and linear vehicle velocities of the previous time-step. The calculated accelerations are then integrated with respect to time to obtain the linear velocity components in the body-fixed reference frame (i.e., u, v, and w), which is the key objective of the simulation model. These velocity components are also used as the input velocities for the future time-step.
As shown in the simulation model flowchart given in Figure 5 , the instantaneous linear acceleration components of the current time-step is solved using the recorded input parameters (i.e., propeller RPM, θ, q, r, q , and r ) corresponding to the current time-step and linear vehicle velocities of the previous time-step. The calculated accelerations are then integrated with respect to time to obtain the linear velocity components in the body-fixed reference frame (i.e., u, v, and w), which is the key objective of the simulation model. These velocity components are also used as the input velocities for the future time-step. 
System Identification
The simulation model requires an accurate representation of the associated system parameters to precisely predict the motion of the AUV. Identification of the parameters was conducted in the MATLAB Simulink environment using the recursive least squares estimation block set of the MATLAB System Identification toolbox, which utilises the theoretical approach outlined in Ljung [21] . Equations (8)- (10) were modified to the format given in Equation (11):
where, y(t), H(t) and  (t) vectors are as defined in Table 2 for models in x, y, and z directions. 
where, y (t) , H (t) and Θ (t) vectors are as defined in Table 2 for models in x, y, and z directions. The unknown parameter vectors (i.e., Θ (t) ) were estimated by running the recursive least squares algorithm for the time series motion response data of zig-zag and straight-line manoeuvres conducted at Lake Trevallyn (further information regarding the utilised recursive squares technique could be obtained from Ljung [21] ). The values of the identified parameters given in Table 3 . Table 3 . y (t) , H (t) , and Θ (t) vectors of Equation (11) The utilised system identification technique is a simple and robust method to determine the mathematical model parameters of a modular AUV, but it has limitations to estimate values for individual hydrodynamic derivatives as several coefficients and vehicle physical properties are overlaid within each parameter. System identification, in general, also has the risk of providing non-physical values for the parameters, limiting the applicability of the parameters to the propeller RPM range, pitch and yaw angle range of the identification manoeuvres. However, similar to most other AUV mapping missions, the AUV is prescribed to run in straight-line paths in the WVAM method, thus requiring the simulations to be conducted generally for straight-line and small pitch and yaw angle (generally below around 8 • ) manoeuvres, where the hydrodynamic coefficients are within the linear range [22] . The identified parameters obtained from system identification were sufficient for the WVAM method and were verified by simulating a secondary set of manoeuvres conducted in the calm water environment. The results of the verification study is presented in the Assessment section.
Assessment

Validation of the WVAM Method
The WVAM method was validated by comparing the calculated velocity components of the water column with velocity observations obtained with the on-board ADCP. Out of the three straight-line runs conducted at the Batman Bridge site, the one with the largest discrepancy with the ADCP results is presented in Figure 6 . The vehicle path was aligned with the predominant tidal flow direction during this run. Figure 6a compares the vertical velocity response of the AUV (i.e., the velocity component of the AUV in the z direction-w) observed in the turbulent environment (i.e., the Batman Bridge site) with the response obtained from the simulation model representing the calm water. During the experiments, the vertical velocity of the AUV was determined using the DVL-aided INS. Since there are no flow variations in the calm water condition, there is no external forcing on the vehicle. Therefore, the velocity responses from calm and turbulent water surroundings vary from each other. As given in Equation (1), the difference between the two vertical velocity responses provides the vertical water velocity variation along the AUV track at the Batman Bridge site. The horizontal water velocity components in x and y directions were obtained by comparing the vehicle's measured and simulated surge and sway speed responses, respectively. Figure 6b -d compares the WVAM estimates and ADCP measured water velocity components in the x, y, and z directions, respectively. The ADCP results were smoothed using a moving average filter using a backward scheme with a frame size of six time-steps. The filtered flow velocity components from the first bin of upward and downward looking transducers (i.e., 0.44 m away from the vehicle) were averaged together and taken as the ADCP measurements for the comparison.
The difference between velocities obtained from the WVAM method and the ADCP were calculated by quantifying the standard deviation between the two. The standard deviations of the velocity components in x, y, and z directions were 0.09 m s −1 , 0.07 m s −1 , and 0.06 m s −1 , respectively. The maximum error velocity of the ADCP vertical flow measurements estimated with the redundant transducer was ±0.10 m s −1 and Fong and Jones [5] indicated that the velocity measurements taken from an AUV-fixed ADCP typically has an uncertainty margin of ±0.1 m s −1 . Thus, the standard deviation of the WVAM method results are within the uncertainty margin of ADCP measurements for x and z directions. The WVAM method provides the water column velocities at the vehicle while the ADCP velocity measurements are the averaged values of the first bins of the upward and downward looking transducers. The WVAM method was further validated by comparing the velocity measured by a stationary upward-looking ADCP moored to the seabed as discussed in Section 4.1.
Since the vehicle was moving against the predominant tidal flow direction, a negative water velocity along the x direction is seen in Figure 6b (positive water velocities were observed when the AUV was running with the flow direction as a result of the inverted body-fixed coordinate system). The best replica between the WVAM and ADCP velocities is noticed in the vertical velocity component. The largest mismatches in velocities along y and z directions are seen at the peaks. The estimated hydrodynamic coefficients of the simulation model using the system identification method could be less accurate for large angles of incidence of the vehicle, where the hydrodynamic forces and moments are in their non-linear ranges. Therefore, as the yaw and pitch angle fluctuations become larger, the accuracy of the simulation model decreases; adversely affecting the WVAM velocity prediction [23] . The disparity at peaks of the velocity components is due to the hydrodynamic coefficients exceeding their linear ranges causing a reduction in the accuracy of the simulation model. Although the peak discrepancy is negligible for the tested runs, it is critical to ensure that the vehicle motion response remains within the applicable range of the hydrodynamic coefficients in order to use the WVAM method. The non-linear hydrodynamic coefficients of an AUV could be obtained more accurately using techniques such as captive model experiments and computational fluid dynamics simulations [24, 25] . Since the vehicle was moving against the predominant tidal flow direction, a negative water velocity along the x direction is seen in Figure 6b (positive water velocities were observed when the AUV was running with the flow direction as a result of the inverted body-fixed coordinate system). The best replica between the WVAM and ADCP velocities is noticed in the vertical velocity component. The largest mismatches in velocities along y and z directions are seen at the peaks. The estimated hydrodynamic coefficients of the simulation model using the system identification method could be less accurate for large angles of incidence of the vehicle, where the hydrodynamic forces and moments are in their non-linear ranges. Therefore, as the yaw and pitch angle fluctuations become larger, the accuracy of the simulation model decreases; adversely affecting the WVAM velocity prediction [23] . The disparity at peaks of the velocity components is due to the hydrodynamic coefficients exceeding their linear ranges causing a reduction in the accuracy of the simulation model. Although the peak discrepancy is negligible for the tested runs, it is critical to ensure that the vehicle motion response remains within the applicable range of the hydrodynamic coefficients in order to use the WVAM method. The non-linear hydrodynamic coefficients of an AUV could be obtained more accurately using techniques such as captive model experiments and computational fluid dynamics simulations [24, 25] . The difference between the two responses provides the velocity of the water column in the z direction. The comparison between the velocity components of the water column in x, y and z axes (panels (b), (c), and (d), respectively) was calculated using the WVAM method and those obtained from the ADCP measurements smoothed with a moving average filter.
Verification of the WVAM Method
The validation study discussed above demonstrates that the WVAM method is compatible with experimental measurements and could be used to calculate water column velocities in the vicinity of an AUV within the ADCP blanking distance. To gain further confidence, a verification study was conducted to identify the uncertainty margins of the results obtained from this method. The analysis was based on computing the error margins of individual steps, and adding them to obtain the total ambiguity.
The hydrodynamic coefficients of the Gavia AUV for the simulation model were identified by running the recursive least squares algorithm for the time series motion response data collected from the calm water environment at Lake Trevallyn. The uncertainty present in the identified coefficients may affect the water column velocity calculations and therefore it was necessary to quantify the ambiguity of the WVAM method. The performance of the determined coefficients were examined by applying them to the simulation model and simulating a different set of manoeuvres conducted at the Lake Trevallyn site. The AUV runs used for model estimation were not used for this verification process guaranteeing an unbiased verification. The accuracy of the identified coefficients was quantified by computing the standard deviation between the simulated and actual vehicle velocities in x, y, and z axes, which were 0.010 m s −1 , 0.005 m s −1 , and 0.002 m s −1 , respectively.
During the field tests at the Lake Trevallyn site (i.e., a calm water environment), the on-board ADCP showed minor variations of the water column velocities, with averaged values in the surge, sway and heave directions of less than 0.05 m s −1 . These minor water velocities indicate a calm water environment. Nevertheless, there is a minor contribution towards the ambiguity of the results from the WVAM method. Therefore, these velocity components were included in the final uncertainty calculation.
During the experiments, the velocities of the AUV over ground and the pitch and yaw rates were measured using the INS, which was aided with the velocity over ground measurements from the DVL bottom-tracking mode. The uncertainties associated with the DVL-aided INS influence the calm water simulation results, as well as the measurements taken in the turbulent environment. These uncertainties were incorporated twice when calculating the total uncertainty margin of the WVAM method. The uncertainty of the DVL aided Kearfott T24 INS in measuring the speeds over ground is ±0.05 m s −1 [26] . The respective uncertainties of the INS in providing the pitch and yaw rates of the AUV are ±7.96 × 10 −5 rad s −1 and ±1.60 × 10 −4 rad s −1 .
The total uncertainty margin of the WVAM method was determined by adding the individual error components as discussed above and shown in Table 4 . Using these values it can be determined that the WVAM method is able to provide velocity components of a turbulent water column in x, y, and z axes with respective uncertainty margins of ±0.160 m s −1 , ±0.155 m s −1 , and ±0.152 m s −1 . In comparison, the uncertainty margins of an ADCP mounted on an AUV and a stationary ADCP in measuring water column velocities is around ±0.1 m s −1 and ±0.002 m s −1 , respectively, for velocity components in the x, y, and z directions. Table 4 . Uncertainty margin of the WVAM method was determined by adding the individual error components of each step.
Uncertainty Components
Uncertainties Along 
Discussion
Accuracy with the Distance from the AUV
The ADCP captures the water velocity components at each bin up to a distance of 10 m away from the AUV, whereas the WVAM method returns only a single estimate of flow velocity near, or at, the AUV. The reason for this is because the WVAM method measures the water column velocities by comparing the hydrodynamic forces acting on the vehicle, and these forces arise from the near AUV flow field. For example, the standard deviation between the ADCP and WVAM vertical water velocities at 0.5 m away from the AUV was 0.06 m s −1 and it increased up to 0.15 m s −1 at 9.5 m away from the vehicle. In turbulent environments, velocity fluctuations are typically larger and it is unlikely to have a single velocity value for a range of 10 m. from the vehicle. In turbulent environments, velocity fluctuations are typically larger and it is unlikely to have a single velocity value for a range of 10 m. Figure 7 illustrates the variation of the difference between ADCP and WVAM vertical water velocity magnitudes with the vertical distance from the AUV. A good correlation with variations less than around 0.08 m s −1 is seen until a vertical distance of around 4 m. Beyond 4 m, the difference increases up to around 0.3 m s −1 , showing that the WVAM method can be considered as accurate only in the vicinity of the vehicle. Both WVAM and vehicle on-board ADCP measurements use the same Earth-referenced AUV velocities. Therefore, in order to further validate the WVAM method Randeni, Forrest, Cossu, Leong, King and Ranmuthugala [23] compared the WVAM estimations with those obtained from a stationary ADCP moored to the seabed. When the AUV was flying over the location of the stationary ADCP, it maintained an altitude of 11 m; hence, the ADCP water column velocities recorded from the bins at 11 m altitude were used for the comparison. The investigation was conducted using the same Gavia AUV at the same test location where the current study was carried out (i.e., Tamar estuary near the Batman Bridge). A good agreement between the two was observed with differences of 0.05 m s −1 , 0.08 m s −1 , and 0.01 m s −1 for the respective velocity components in the x, y, and z directions, further validating the WVAM method's ability to estimate flow velocities near, or at, the AUV and that the accuracy is independent of the vehicle velocities.
Length Scale of the WVAM Velocity Measurements
During the AUV field tests in the Tamar estuary, the motion response data of the vehicle were recorded at a rate of 0.87 Hz while the vehicle was travelling at an average forward speed of approximately 1.8 m s −1 . Hence, the data sampling distance was around 2.1 m (i.e., there was a horizontal distance of 2.1 m in between each data point). Therefore, the WVAM method neglects the velocity variations with length scales smaller than the data sampling distance. Also, the WVAM method assumes that the velocity components along the y and z axes are acting uniformly along the length of the AUV; i.e., the WVAM method estimates the mean velocity variation along the length of Both WVAM and vehicle on-board ADCP measurements use the same Earth-referenced AUV velocities. Therefore, in order to further validate the WVAM method Randeni, Forrest, Cossu, Leong, King and Ranmuthugala [23] compared the WVAM estimations with those obtained from a stationary ADCP moored to the seabed. When the AUV was flying over the location of the stationary ADCP, it maintained an altitude of 11 m; hence, the ADCP water column velocities recorded from the bins at 11 m altitude were used for the comparison. The investigation was conducted using the same Gavia AUV at the same test location where the current study was carried out (i.e., Tamar estuary near the Batman Bridge). A good agreement between the two was observed with differences of 0.05 m s −1 , 0.08 m s −1 , and 0.01 m s −1 for the respective velocity components in the x, y, and z directions, further validating the WVAM method's ability to estimate flow velocities near, or at, the AUV and that the accuracy is independent of the vehicle velocities.
During the AUV field tests in the Tamar estuary, the motion response data of the vehicle were recorded at a rate of 0.87 Hz while the vehicle was travelling at an average forward speed of approximately 1.8 m s −1 . Hence, the data sampling distance was around 2.1 m (i.e., there was a horizontal distance of 2.1 m in between each data point). Therefore, the WVAM method neglects the velocity variations with length scales smaller than the data sampling distance. Also, the WVAM method assumes that the velocity components along the y and z axes are acting uniformly along the length of the AUV; i.e., the WVAM method estimates the mean velocity variation along the length of the AUV. Therefore, the smallest measurable length scale of the velocity variations in y and z axes is the data sampling distance or the length of the AUV, whichever is greater. In this case, the length of the AUV is approximately 2.7 m. However, the length scale of the velocity variations in the x axis is limited only by the data sampling distance. Hayes and Morison [2] estimated the vertical water velocity in the upper ocean by applying a Kalman filter to the AUV motion data. They reduced the measurement length scale down to half the AUV length by incorporating the phenomenon of pitching of the vehicle across a horizontal gradient of the vertical water velocity.
Recommendations
The WVAM method can be improved to capture the water velocity variations with length scales smaller than 2.7 m by overcoming the two limiting factors; i.e., the length of the AUV and the data sampling distance. The latter can be addressed by increasing the data sampling rate. Additionally, the scale restriction caused by the length of the AUV has to be resolved by identifying the variations of water velocities along the length of the AUV. This can be achieved by incorporating the difference between the vehicle angles of attack observed in the turbulent environment and that obtained from the calm water simulation model (i.e., pitch angle difference for vertical water velocity gradient and the yaw angle for the horizontal gradient). The WVAM method can be further improved by incorporating a more accurate representation of the linear and non-linear hydrodynamic coefficients determined using techniques such as the captive model experiments and computational fluid dynamics simulations [24, 25] .
Conclusions
This study presents the WVAM method to estimate the flow velocity components of a turbulent water column, relative to the Earth, in x, y, and z axes of the AUV body-fixed coordinate system using the motion response of the vehicle. The water column velocities were determined by calculating the difference between the motion responses of the AUV observed in calm and turbulent water column conditions. The motion of the vehicle in the calm water environment was obtained by simulating the control commands executed during the field experiments conducted in the turbulent condition with a mathematical model that represents the calm water. The simulation model was developed within MATLAB Simulink and the associated hydrodynamic coefficients of the AUV were obtained using a recursive least squares system identification method.
The estimated water velocity components in x, y, and z direction agreed well with the measurements from the AUV's on-board ADCP with standard deviations of 0.09 m s −1 , 0.07 m s −1 , and 0.06 m s −1 for the respective components. These standard differences were well within the uncertainty margin of the ADCP results. WVAM velocity estimates were also compared with a bottom-mounted stationary ADCP data obtained while the AUV was flying over the stationary ADCP. Author Contributions: The first author and all four co-authors were substantially involved in the design of the WVAM technique, its application and the analysis of the results. Randeni, Forrest, and Cossu were also involved in the AUV deployment and data acquisition while Leong, and Ranmuthugala contributed to the interpretation and modeling of the vehicle hydrodynamics. The final submitted version of the manuscript is approved by all authors.
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